We report on transport properties of the controllable large area MoSO/Reduced graphene oxide(RGO) heterostructures electrodeposited on FTO substrates and its comparision with theoretical calculations on MoSo/Gr. I-V characteristics of the heterostructure made by P or n-type MoSO, exhibit Schottkey behavior in the interface similar to the MoS2/Gr ones. Theoretical calculations show significant effects of lateral layer size as well as layer number in the electronic properties. In monolayer MoS2/Gr by increasing the lateral size the energy gap disappears and the Fermi level shifts towards valence band. In the case of bilayer MoS2 on bilayer Gr structure, the Fermi level shift is again towards valence band but, the gap is slightly higher than the monolayer structure. We found that the experimentally obtained results for n-type MoSO/RGO results are qualitatively in agreement with theoretical calculations of the MoS2/Gr heterostructure. These results are beneficial to understand and design the high quality and low cost MoSO/RGO based electronic, optoelectronic and energy storage devices or cocatalysts.
INTRODUCTION
In the past decade, low dimensional binary compounds with general formula MX 2 , has attracted signicant attention after discovery of graphene as a first realization of 2D materials. In these compounds M is usually a transition metal and X is a chalcogenide. The gapless characteristic of the graphene prevents its use in spintronic or optoelectronic applications while its high carrier mobility is an advantage. In contrast, the MoS 2 has a natural energy gap while the carrier mobility is low. This energy gap is not enough for room temperature applications in nanoelectronics [1, 2] . The Multilayered heterostructures in lateral or vertical shape with proper combination made of different 2D materials can overcome to these obstacles [3] [4] [5] [6] [7] [8] [9] . Optical and electrical properties of various 2D heterostructures under gated and illumination conditions for photo response properties has been already investigated [9] [10] [11] [12] [13] . Moreover, weak Van der wasls interaction and sensitivity to the distance between these layers in performance of the fabricated electronic devices, hampers further progress [14, 15] . Various fabrication techniques have been employed to make single or multilayer Gr and transition metal dichalcogenides (TMDs) which are mainly based on either chemical or physical growing techniques with subsequent required polymerassissted transferring step. On the other hand polymerassisted transfer of 2D layers can lead to contaminated layer and brings some technical difficulties. It is known that the TMDs are very brittle and difficult to grow them in a single phase and a single crystal for large areas over few hundred nanometers. Overall, the fabrication process for high quality and high cost of this methods as some of them listed above, can impede the 2D materials to enter the industrial incubators. We believe that our employed electrodeposition technique in this research can address this problems.
In this research, we report on electrical and optical properties of the MoSO/RGO electrodeposited on Fluorine doped tin oxide (FTO) substrate. In the previous report [16] , it was observed that the oxygen content has systematic change for different thicknesses ranging from 20 to 540 nm. Optical and electrical bandgaps reveals a tunable behavior by controlling the relative content of compounds as well as a sharp transition from p to n-type of semi conductivity. Moreover, spin-orbit interaction of Mo 3d doublet enhances by reduction of MoO 3 content in thicker films.
EXPERIMENT
The MoSO layer was electrodeposited on FTO substrate by method explained in Ref. [16] . Growing of 2D materials in FTO substrate allows us to measure optical and electrical transport properties simultaneously. For systematic study, we chose two p and n-type MoSO samples with 50 and 500nm thickness. Then multilayer RGO electrodeposition was carried out on MoSO layer. In this step the Whole MoSo layer was not immersed on the solution therefore we can control the overlapped region of MoSO/RGO. During the deposition, the oxygen-containing functional groups on graphene oxide sheets were reduced and deposited onto the surface of substrate. The solution used for growing the Gr layer is prepared as following.
First graphite oxide was synthesized from graphite powder by the modified hummers method. Briefly, 0.5g graphite powder, 0.5g NaNO 3 and 3g KMnO 4 were mixed with 23 ml H 2 SO 4 solution (98 percent). The mixture was stirred in a 35 oil bath for 24h. Then 100 ml deionized (DI) water and 3 ml H 2 O 2 (30 percent) were slowly added to the mixture, respectively. The color of the mixture gradually changed from dark brown to bright yellow. After that, the GO colloid solution was washed with HCl (10 percent), H 2 O 2 solution and DI water three times via centrifugation, respectively. The as-prepared GO colloidal solution was diluted to a concentration of 2.5 mg/ml with DI water. Figure. 1a and b, schematically represent the as grown layers and Energy band diagrams of the proposed heterostructure. SEM micrograph in Fig.1c , exhibits morphology of the multilayer after RGO electrodeposition indicating a granular and uniform distribution.
I-V characteristics and optical properties
In order to understand the carrier transport across the schottky junctions a two probe measurement conducted for different layer thicknesses at different arrangement of the probe's position. Since in this kind of measurements the contact of the probe to surface is very important, to avoid any stress from probe to layer, the tip was immersed in the silver paste without touching the sample (see inset of Fig.1b) . The measurement was carried out in dark condition. All measurements presented here was repeated several times at different conditions and different places in the layer. Location-independent behavior of these curves proved that in one hand our experiment is reliable and on the other hand the layer quality is high and uniform. In this series of experiments the relative change of the current is more important than the absolute values. Since, the sample is a heterostructure, the contact resistance is inevitable. The voltage sweeping rate was kept as low as 1mV/sec to be in the equilibrium condition. In this measurements the FTO and MoSO was grounded. The voltage was swept forward and backward (the results presented here are backward ones). The overlapped area between MoSO and RGO is about 0.575 cm 2 . The asymmetric behavior of the RGO-MoSO, FTO-RGO indicates existence of a schottky interface. Detailed analysis of this curves shows that the FTO-RGO curve is more asymmetric which can be attributed to the pure perpendicular current flow and passing from double schottkey FTO/MoSO and MoSO/RGO interfaces. In contrast to that in case of MoSO-RGO the current can pass from two possible channels: 1-perpendicular with following succession: from MoSO to the FTO then from FTO to MoSO and from MoSO to RGO or 2-pass horizontally from MoSO to the interface with RGO and finally with a perpendicular current to Gr. The inset shows I-V characteristic curve of thicker MoSO layer (which we expect to be N-type semiconductor) in the MoSO-RGO mode where clearly confirms our previous work [16] . This behavior shows a significant shift of the Fermi level toward conduction band. This data are comparable with scanning tunneling spectroscopy data.
According to the Ref. [17] the linearity of the I-V characteristic curves at very low range of applied voltage, confirms that the, the contact resistance on Gr is very small. In addition, we believe that the observed rectification behavior can not be due to the different contact forms because the experiment was repeated for three different contacts and all resembled the same behavior.
In positive bias electrons are transferred from RGO to MoSO and a build-in internal electric field is created from RGO to MoSO. This internal field acts as a barrier in negative bias by lowering the voltage and changing the polarity. This behavior results in band bending at MoSO/RGO interface(see Fig1b). Fig.3 shows the I-V characteristics in semi-log scale. We observed the clear rectifying behavior of a p-n junction diode with low reverse current in n type MoSO/RGO and high reverse current in p type MoSO/RGO respectively. This also can imply that by increasing the MoS 2 content using thickness monitoring, the rectification parameter can be controlled. Fig.4 exhibits UV-Vis spectrum and optical bandgap of the MoSO/RGO heterostructure and its comparison with single MoSO and RGO layers. Optical measurements are of paramount importance in exploring phenomena related to electronic states. Transmission measurements were done with the aid of the time domain spectrometer from 1.5 eV to 4.5 eV i.e. visible to ultraviolet spectrum at 300 K. The insert of figure 4b shows an example of one such raw data for MoSO on FTO substrate compared to the aperture. Such raw data were also obtained for graphene on FTO and MoSO/RGO on FTO. From such raw data visible to ultraviolet transmission spectra, shown in figure 4a, were obtained. Transmission for the three samples generally decreases with increasing energy. However, the transmission of RGO is lower than that of MoSO and that of MoSO/RGO heterostructure at low energies pointing to the fact that conductivity of RGO is higher than that of MoSO and that of MoSO/RGO het-erstructur at energies below 3eV. On the other hand, the transmission of MoSO and that of MoSO/RGO is almost similar to each other for the entire measured spectrum.
The optical bandgap can be obtained by plotting (αhν) 2 versus h (energy) (tauc plot) as shown in figure  4b where α is the absorption calculated from the absorption spectrum. From the tauc plot it is clearly evident that below 3eV the curves for MoSO/RGO and MoSO coincide while at higher energy there is some difference. Further more there is a slight difference in the optical band gap MoSO (3,23 eV) compared to MoSO/RGO heterostructure (3.3 eV). According to the gapless nature of graphene we expect no change between band gaps of MoSO and MoSO/RGO. The origin of the slight difference in optical band gaps and differences in the spectra above 3eV for the two samples (i.e. MoSO and MoSO/RGO) is not clear yet.
THEORETICAL CALCULATIONS
The electronic properties of monolayer Graphene and has been investigated using Quantum espresso package within Perdew-Burke-Ernzerhof (PBE) approach. The projector augmented wave (PAW) pseudopotential has been used. We also take into account both spin orbit interaction and Van der Waals correction in the calculations. The kinetic energy cutoff of wavefunction and charge density are 30 and 270 respectively. First brilluine zone sampling has been carried out with a k-point mesh. The unit cell is shown in Fig. 1 in which black balls show Carbon atoms and yellow/purple balls show S/Mo atoms. The lattice constant of Graphene and MoS 2 is 2.45 and 3.26 respectively and the vertical distance between Sulfide atoms is 3.08 It is known from previous reports [18] that oxygen atoms on Gr dont lead to appearance of a significant strain.
where d 1 : the distanse between Graphene layer and the layer of nearest S atoms on MoS 2 . Previous works has shown the distance between Gr monolayer on MoS 2 monolayer (d 1 ) is 3.32A [27] . This distance can define p or n type of Schottky junction [19] where this value 3.37A has been taken.The distance between Two MoS 2 monolayer (d 2 ) is 3.82A. The distance between Two Gr monolayer (d 3 ) is 3.3A. Fig.5 exhibits bandstructure calculations and DOS of the monolayer MoS 2 on monolayer Gr for different cell sizes (26, 45 and 59 atoms). Interestingly, we observed that by increasing the cell size the bandgap is going to be disappear and density of states in conduction band is increasing. However, the Fermi level is shifting to the valence band in agreement with our experimental results. In addition we observed that the Schottky barrier, which is required energy to excite electrons from graphene to MoS 2 , is rising from 116meV for 26 atom cell to 730 meV in 59 atom cell. Our measured DOS and Schottky barrier are consistent with the reported theoretical calculations [20, 26] . Calculations based on the cell with bilayer graphene and MoS 2 exhibits double (and may be triple) Dirac cones with massless Dirac Fermions due to the signicant charge transfer between the graphene plane and MoS 2 that enhances some energetic stability. The Schottky barrier value is lowering in double layer heterostructure from 520 meV to 87 meV by increasing the cell size. In addition, the Ref. [18] show 39meV bandgap (for an smaller cell size) compared to our calculations (with bigger cell size and no oxygen content) which is in the range of E g =0 to E g =5.9 meV. content. The type of the schottky barrier is modulated by this oxygen content instead of applying gate voltage or changing the interfacial distance which make it a reproducible and reliable technique for device fabrication.
In addition, surprisingly, we observed that the RGO layer does not changes (or at least very insensible) the bandgap but increases the adhesion of the heterostructure to substrate which increases the stability against mechanical damages or chemical corrosion suitable for device fabrication. Tunable Schottky barrier arising from tunable bandgap of the MoSO, in this heterostructure is another prominant result. The theoretical calculation indicated that by increasing the atomic cell size or layer number the gap can be reduced in agreement with experiment. Theoretical calculations presented here for a heterostructure with no Oxygen content can be developed for MoSo/Gr which should be addressed in future. More investigations on patterned/non patterned form of this heterostructure for further electronic properties (such as carrier mobility)or solution based experiments for electrochemical properties applicable as electrodes, at different conditions are suggested for future researches. S. Erfanifam acknowledges the support from the Iranian Elite's Foundation.
